TPI Composites, Inc. (TPI), Global Energy Concepts, LLC (GEC), and MDZ Consulting (MDZ) have collaborated on a project to design, manufacture, and test prototype carbon-fiberglass hybrid wind turbine blades of 9-m length. The project, funded by Sandia National Laboratories, involves prototype blades in both conventional (unidirectional spar fibers running along the blade span) and "adaptive" (carbon fibers in off-axis orientation to achieve bend-twist-coupling) configurations. After manufacture, laboratory testing is being conducted to determine the static and fatigue strength of the prototypes, in conjunction with field testing to evaluate the performance under operational conditions.
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have collaborated on a project to design, manufacture, and test prototype carbon-fiberglass hybrid wind turbine blades of 9-m length. The project, funded by Sandia National Laboratories, involves prototype blades in both conventional (unidirectional spar fibers running along the blade span) and "adaptive" (carbon fibers in off-axis orientation to achieve bend-twist-coupling) configurations. After manufacture, laboratory testing is being conducted to determine the static and fatigue strength of the prototypes, in conjunction with field testing to evaluate the performance under operational conditions. This report documents the design phase for prototype 9-m carbon-hybrid blades. In general, the blades have been designed to 20-year life per IEC Class II loads with turbulence level "B." For the TX-100 blade, a relaxed criterion was adopted for determining the peak bending loads.
The prototype blades developed under this program are experimental, and in some aspects the designs intentionally push the bounds of current materials and manufacturing technology. To indicate the experimental nature of these designs, an "X" identifier is used in the name of each prototype. The designations used are as follows: "GX-100" for the all-fiberglass baseline, "CX-100" for the conventional carbon-spar design, and "TX-100" for the twist-coupled prototype.
The conventional-spar CX-100 design resulted in mass reductions of approximately 50% in the blade spar relative to the baseline GX-100. However, because the GX-100 fiberglass skins are a substantial fraction of the total blade weight, the overall mass reduction of the CX-100 was limited to approximately 11%. In addition, the CX-100 is substantially stiffer than the GX-100, resulting in a 70% increase in tip/tower clearance margin.
In the baseline fixed-speed, fixed-pitch (FSFP) operation, the twist-coupled TX-100 design experiences up to 4° twist under turbulent wind input. The TX-100 peak blade bending loads are reduced between 2.4% and 8.6% relative to the GX-100, and equivalent fatigue loads in the blades show slightly greater reductions. However, the shaft thrust and tower bending load reductions are less than 1.2%. Although the extent of aeroelastic twist-response for the TX-100 blades meets the project objectives, the predicted load mitigation is highly constrained by the stall-controlled FSFP operation.
To investigate the potential load reductions if these blades were flown in a more modern turbine architecture, the 9-m prototypes were modeled in hypothetical variable-speed, variable-pitch (VSVP) operation. Because of the increased blade loading (due to variable-pitch operation above rated wind speed and increased maximum tip speed), the fatigue loads for major components were substantially greater for all VSVP configurations than for the corresponding FSFP versions. When both the GX-100 and TX-100 are modeled in VSVP operation, the TX-100 resulted in blade load reductions on the order of 20% to near 30%. Shaft thrust and tower bending loads were reduced by 4% to 6%.
Section 1 -Introduction
Background
As wind turbine blades have grown in weight and cost, research programs in both the United States and Europe have been investigating alternative blade designs and materials technologies. In a European research effort, carbon fiber composites were investigated for potential improvements in blade weight and cost [1] [2] [3] [4] . Under the Global Energy Concepts, LLC (GEC)/Sandia Blade System Design Study, carbon fiber material was identified as cost effective for use in the load bearing spar structure [5, 6] . Both of these studies show moderate promise for economic use of carbon in turbine blades, with the additional benefits of decreased weight and increased blade stiffness.
Perhaps even more promising are the cost of energy (COE) reductions that can be achieved with innovative blades designed to capture more energy while reducing or mitigating other system loads. Twist-coupling has been evaluated under several studies for such benefits [7] [8] [9] [10] [11] . The particular stiffness and strength attributes of carbon fibers make it well suited to enable such blade design innovations in a cost-effective way.
In the Wind Partnerships for Advanced Component Technologies (WindPACT) Rotor Study funded through the National Renewable Energy Laboratory, a wide variety of turbine rotor configurations were evaluated for potential COE reductions [12] . A major result from that study was to illustrate the difficulty in achieving substantial COE improvements through component cost reductions alone. The same study predicted an 8.2% reduction in COE for a rotor that had the combined features of blade with a slender planform with twist-coupling. About 2% of the rotor study COE benefits were attributed to the twist-coupling and the remainder of the improvements were due to the other design features. A key aspect of this rotor configuration is that the design combined blade cost reductions with aeroelastic behavior that reduced governing loads throughout the turbine system and allowed corresponding cost savings on the tower and other major system components.
There are clearly trade-offs to be addressed in these designs. Several blade manufacturers now have either production or prototype blades with carbon spars. However, there are technical challenges in obtaining good compressive strength from commercial carbon fibers in a low-cost manufacturing process, and the long-term cost effectiveness of carbon-spar blades has yet to be fully demonstrated. Also, bend-twist characteristics in composites are difficult to achieve while maintaining necessary blade strength and overall structural efficiency of the materials.
Objectives
The objective of this project is to explore the advanced use of carbon fibers in wind turbine blades through design, manufacturing, and testing of prototypes in both conventional and twistcoupled designs. This is a research effort, and it is anticipated that significant lessons remain to be learned concerning the manufacturing and structural performance of these blades. While it is intended that results and insights gained through this work will prove to be of benefit to follow-on scale-up and commercial development of advanced blades incorporating carbon fibers, the objectives of this project do not include optimization of COE, code validation/enhancement, design for certification, or near-term commercialization of the resulting designs.
Project Overview
This is a multi-phase project. In the initial phase, preliminary and detailed designs were developed for the conventional and twist-coupled prototypes. The detailed designs included laminate schedules, manufacturing instructions, and estimated fabrications costs. The CX-100 prototypes were manufactured by TPI Composites in July 2004, and the TX-100 blades were manufactured in October 2004.
Following the fabrication of the prototypes, three test programs are being conducted for these blades: destructive structural testing (static and fatigue) at the National Wind Technology Center, non-destructive testing at Sandia National Laboratories, and field testing on the modified Micon 65 wind turbine used for the Long-Term Inflow and Structural Testing (LIST) program [13] at the USDA test facility in Bushland, Texas.
The current report covers the design phase of the 9-m prototype project. The design methods and criteria, and the development of the baseline blade/turbine system model are presented, along with the structural layout and manufacturing concept for the prototypes. The design process is described, and the final CX-100 and TX-100 designs are presented along with predicted performance improvements (e.g., reduced weight and increased stiffness for the CX-100; loadmitigation for the TX-100).
Section 2 -Baseline Blade/Turbine System

Turbine System
The LIST turbine (modified Micon 65) at Bushland, Texas, has been chosen as the test bed for the field testing of the prototype blades. Therefore, the LIST turbine, shown in Figure 1 , was used as the baseline system for ADAMS modeling and loads development. A two-step approach was taken to develop the baseline turbine system model. The first was to model the LIST turbine with the existing SERI-8 blades. For this configuration, field measurements of turbine system performance and loads were available to verify the ADAMS modeling results and calibrate/tune the model as necessary. However, because the SERI-8 blades are not the intended baseline for the 9-m prototype development project, the LIST turbine system was then modeled in hypothetical operation with the GX-100 blades. The objectives of the baseline turbine modeling were to:
• develop and validate a LIST turbine system model that will be used (with blade substitutions) throughout the project,
• predict the incremental change in turbine system loads if the existing SERI-8 blades were replaced by the GX-100 blades, and • develop a data set that will be used for comparing the predicted loads and power performance of carbon-fiberglass hybrid prototypes against the all-fiberglass (GX-100) baseline.
Loads comparisons for the twist-coupled blades are complicated somewhat by the fixed-speed, fixed-pitch (FSFP) architecture of the LIST turbine. This issue will be discussed further in the section covering the TX-100 preliminary design.
The GX-100 blades were developed iteratively. The external mold shape was based on the ERS-100 blade which was developed by TPI under Sandia subcontract [14] . The GX-100 skins were assumed to be the same as the ERS-100, but the spar cap was modified to achieve near-zero design margins for 20-year life at IEC Class II-B. Because the ERS-100 was designed to a more rigorous condition (30-year life at IEC Class I-A), the GX-100 spar cap has been substantially reduced relative to the ERS-100.
Note that there is no current plan to fabricate or test a GX-100 blade. Rather, this hypothetical design was developed so that analytical comparisons with the CX-100 and TX-100 blades could be made.
Design margins and blade mass for the GX-100 blade will be presented in the following sections. Table 1 shows a comparison of some key system loads modeled for the LIST turbine with the existing SERI-8 and the GX-100 blades. The peak loads show reductions on the order of 10%. Equivalent fatigue loads are substantially increased, which indicates that the LIST turbine is suitable for testing of a GX-100 blade, but would be questionable for long-term operation.
Loads modeled for the CX-100 and TX-100 designs will be compared with those for the GX-100 to establish suitability of the LIST turbine for testing of the carbon-hybrid prototypes. 
Baseline 9-m Blade
The baseline external geometry used in this project is based on the ERS-100 blade [14] , with some modifications in the tip and root-transition areas. The ERS-100 incorporates NREL S-Series airfoils. The S821, S819, and S820 are used, respectively, for the inboard region (21% to 40%), 70%, and 95% radius. Table 2 gives the planform dimensions for the baseline blade, and Figure 2 depicts the blade shape. The "station" numbers in Table 2 represent distance, in millimeters, from the blade root plane.
Note that the initial blade configuration for this project was planned to be 9.2 m in length, as discussed in Reference 15. However, during a December 2003 meeting the project team decided to reduce the length to 9.0 m for efficiency in the development of molds and tooling. This midproject shift in design assumptions will be discussed further in the following sections. 
Figure 2. Finite Element Mesh of Baseline Blade Geometry Section 3 -Design Approach
The prototype blade designs have been developed using state-of-the-art wind industry codes and tools. Loads were determined from simulations using the ADAMS aeroelastic code. Blade structural calculations are based on finite element analysis (FEA) using the Sandia-developed NuMAD interface to the ANSYS FEA code [16] and the methods for extracting equivalent beam properties from blade FEA models co-developed by Sandia and GEC [17, 18] .
Two distinct design approaches were taken for the conventional and twist-coupled prototypes. For the conventional CX-100 blade, the fiberglass spar cap of the GX-100 was replaced with unidirectional carbon-fiber laminate, while the fiberglass skins (primarily biaxial) were left unchanged.
For the twist-coupled TX-100 prototype, the spar cap remained fiberglass as in the baseline design, and carbon fiber layers were introduced into the blade skin construction, at a bias angle, over a selected outboard region on the blade span. Figure 3 depicts this arrangement, where the separation-line between the biased and unbiased skins is at an angle matching the carbon fibers. 
Loads Development
For all blades, loads were based on simulations using International Electrotechnical Commission (IEC) Design Class II, with turbulence level "B" [19] . Load cases included normal operation with turbulent inflow, as well as a set of discrete events (i.e., 1-year and 50-year extreme winds, extreme operating gust, extreme wind shear, extreme coherent gust with direction change).
Resulting loads are compiled and sorted to identify peaks and develop fatigue load spectra.
The fatigue loads are developed by "rainflow" counting of the simulation results, and a weighting of the simulations to represent the cyclic loads expected over a 20-year turbine life. Figure 4 shows examples of fatigue spectra taken from the CX-100 root-bending loads. The gravity component of edgewise bending is evident in the figure, with a peak cycle-count near 8 kN-m.
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1.E+04 IEC partial safety factors were applied to the simulation results to develop design loads. For peak loads, a factor of 1.35 was applied. For fatigue, the IEC safety factor is unity for loads, but a 1.15 factor is required for "consequences of failure."
As noted in the previous section, the assumed length of the prototype blade was changed midway in this project. The motivation for the change was primarily due to considerations for the TX-100 blade, but the decision was made to modify the tooling for all of the 9-m prototypes. At that point in the project, the design of the GX-100 and CX-100 blades was largely complete, with loads based on the original length of 9.2 m. Because substantial effort had already been completed on those designs, the project team agreed to:
1) Leave the "paper" designs of the GX-100 and CX-100 unchanged, with design loads based on the 9.2-m length.
2) Switch to the 9.0-m length model in generating design loads for the TX-100.
3) Develop ADAMS models of both the GX-100 and CX-100 at the as-built length of 9.0 m so the calculated loads could be directly compared with those modeled for the TX-100.
The following sections discuss further aspects of the specific loads calculations for the CX-100 and TX-100 blades.
CX-100
The design loads for the both the GX-100 and CX-100 blades were developed by a straightforward application of the IEC Class II-B load cases. As a result of the fixed-pitch architecture of the LIST turbine, the governing load case for the CX-100 blade was the 50-year extreme wind. Note that the calculated loads for the GX-100 and CX-100 blade were nearly identical, and so are not further distinguished from each other in the following discussions (Table  3) .
TX-100
The initial iterations of the TX-100 blade also used the same loads as the CX-100. However, it was determined that these design loads were constraining the extent of aeroelastic twist-response during normal operation.
This issue is illustrated in Table 3 , which lists the peak root flap bending (RFB) and out-of-plane tip displacements that result from various IEC load cases for the baseline GX-100/CX-100 blades at 9.2-m length. The load cases resulting in the nine highest RFB loads are shown, in descending order. The absolute highest RFB load and tip displacement results from the 50-year extreme wind model which assumes a parked turbine in un-faulted condition (0° tip pitch for the LIST turbine). Also shown, in italics, is a hypothetical load case that assumes the turbine has full-span pitch control. For such a case, the 50-year extreme wind load would assume that the turbine is parked with blades fully feathered to 90°. Table 3 indicates that the difference between RFB loads for the 50-year extreme wind at 0° and 90° is nearly 50%. This differential is particularly high for the aerodynamic design of this turbine blade, as the use of low maximum lift (C L,Max ) airfoils results in a large difference between the drag-dominated 0° pitch and lift-dominated 90° pitch cases. Table 3 quantifies the extent to which the bending loads under normal turbulence are small relative to the peak 50-year bending. At a mean wind speed of 24 m/s, the maximum RFB load due to turbulent inflow is only 61% of the 50-year (0° pitch) load, and at a mean wind speed of 16 m/s, the turbulent peaks are slightly more than 40% of the overall peak. If the TX-100 blade is structurally designed (e.g., maximum allowable material strain) per the peak 50-year bending, then the material strain and twist-response seen in the blade during normal turbulent operation is greatly constrained.
Considering this issue, the project team decided to modify the design criteria for the TX-100, such that the 50-year extreme wind model at 0° pitch need not be considered. From the trends illustrated in Table 3 , this would mean that the peak bending loads would result from the normal turbulence model at the near cut-out wind speed of 24 m/s. In turn, this would mean that the peak bending load experienced during normal turbulence would be 100% of the overall peak, which would allow for the maximum possible twist-coupling response.
Reviewing the data of Table 3 , it is seen that this relaxed design criterion allows the blade to be designed as if the 50-year extreme wind load case is at a pitch of 90°. Therefore, the design criteria applied to the TX-100 are consistent with a full-span, pitch control configuration that has become standard for modern, utility-scale wind turbines.
Material Properties
For conventional fiberglass materials, the mechanical properties assumed are consistent with those used in the original ERS-100 design. Micromechanics calculations were used to calculate stiffness properties for the unidirectional carbon-fiber material. For fiberglass strength, the values assumed in Reference 5 were used. Initial strength estimates for carbon materials were developed based on results from the DOE/MSU database program [20] . Safety factors for materials were selected by GEC based on the Germanischer Lloyd (GL) list of default factors for each material type and manufacturing process [21] . Table 4 lists the lamina mechanical properties used in the design calculations. Classical laminate theory (CLT) was used to parametrically evaluate the properties for various laminate constructions that included biased carbon fibers. FEA models used multi-layer composite shell elements with the data from Table 4 input directly. The mechanical properties listed in the table assume fiber volume fractions of υ f = 0.5. The 0.63 mm thickness shown for unidirectional carbon assumes a fabric areal weight of 500 grams per square meter (gsm). However, a range of carbon fabric areal weights was used in the blade models with the thickness varied as appropriate.
Material selection was done with the assumption that a vacuum-assisted resin transfer method (VARTM) process would be used for manufacturing. Specifically, the designs assumed that the fabrication would use TPI's proprietary VARTM process, SCRIMP TM . Several candidate resin systems and carbon-fabric styles were evaluated at TPI for possible use in these prototypes. The goal was to identify systems that combined good infusibility while minimizing waviness and other irregularities in the alignment of the carbon fibers. The best-performing fabric identified is a custom carbon-fiberglass triaxial, manufactured for this project by SAERTEX GmbH. The fiber orientation for this fabric is -45° glass/0° carbon/+45° glass, as illustrated in Figure 5 . The properties listed in Table 4 for this material represent the construction used in the CX-100 spar caps, with 670 gsm of unidirectional carbon, and 150 gsm for each of the ±45° layers. Table 5 shows the strain values used in evaluating static strength of the unidirectional spar cap laminate. Characteristic values are before partial safety factors assuming 95% exceedance with 95% confidence. Design values are after applying the combined partial safety factor for materials, γ m . The baseline GX-100 blade assumes vinyl-ester resin without post-cure and has a γ m = 2.94. The carbon-hybrid prototypes use an epoxy resin system with post-cure, and so by GL guidelines merit a 10% reduction in γ m to 2.67. Note that the triaxial carbon-fiberglass fabric used in the CX-100 blades has now been tested in thin-coupons under the work of Reference 6. However, at the time of this design effort these test data were not available, and so the somewhat conservative estimates shown in Table 5 were used.
General Design Methodology
The structural integrity of each design was evaluated based on static strength, fatigue strength, and allowable tip deflections. The strength calculations were focused on flapwise bending loads.
Edgewise strength was not a critical design issue for any of the prototypes, and torsional stiffness was only seriously considered for the TX-100. Buckling considerations were reviewed during the detailed design process. However, the skin construction and balsa thickness in the inner region of the blades were largely unchanged relative to the baseline ERS-100 design. The structural properties of the inboard blade region were dominated by the build-up of laminate surrounding the imbedded studs. Therefore, the modifications (relative to the baseline ERS-100) for the CX-100 and TX-100 prototypes were primarily in the regions outboard of Station 1400.
Design margins will be presented in several of the following sections. In each case, the margin is [(design strength)/(design stress)-1], expressed as a percentage. Both design strength and design stress include all required partial safety factors so that a margin ≥0% is sufficient for design verification.
For each turbine/blade configuration, an iterative approach was used in the design. The ANSYS FEA code was used (with the NuMAD interface) to develop an initial blade model. The "EBEAM" post-processing code [18] was then used to extract the equivalent beam properties (stiffness and mass) for input into the ADAMS aeroelastic simulations. The loads from the simulations were then compared with the FEA analyses to verify the structural adequacy of the blade. Based on this verification, the structural layout of the blade (e.g., spar cap thickness) was modified as needed to obtain near-zero design margin at each spanwise station. If substantial changes to the blade stiffness and mass properties were made, then the ADAMS simulations were repeated until the design process converged.
During the course of this project, a significant error in the FEA formulation of shell elements was identified. Specifically, the use of the "offset node" option results in errors that are most pronounced in torsional analyses. This issue was found to generalize to several commercial FEA codes, and is discussed in detail in Reference 22.
Because of the importance of torsional response in twist-coupled blades, substantial effort was made at both GEC and Sandia to understand and rectify the errors introduced by the use of offset-node shell elements. As discussed in Reference 22, the larger modeling efforts surrounding this issue are ongoing at Sandia. However, to complete the design phase of the 9-m prototypes, an interim modeling approach was developed. A version of NuMAD was developed in September 2003 that constructs an FEA model using mid-shell nodes. It was concluded that these "NuMAD_mid" models eliminated the errors introduced by the offset-node formulations. However, the use of this code required a manual adjustment of the blade profiles input to NuMAD to account for the shell thickness.
While this "work-around" would be very inefficient as a general methodology, it was deemed the best approach at the time for moving forward with the 9-m prototype design effort. The data presented in this report, including predicted mass, stiffness, and design margins, are based on these idealized NuMAD_mid models. Now that the prototypes have been fabricated, and coupon test data are available for the blade structural laminate, work is ongoing to develop and validate detailed FEA models of the as-built blades.
Section 4 -CX-100 Design
The conventional carbon-spar CX-100 design was developed iteratively. Initial configurations assumed a constant-thickness unidirectional carbon spar cap consisting of 5 plies of 500 gsm fabric, with the spar cap width narrowing as it progresses spanwise from the maximum chord location toward the blade tip. As discussed earlier, the project team had difficulty identifying a unidirectional carbon fabric style that combined minimal fiber waviness with good infusibility. As a result, the unidirectional carbon was later replaced with the triaxial carbon-fiberglass fabric discussed in Section 3.3.
In all cases, the CX-100 design assumed that the skin construction of the GX-100 was left unchanged, and only the fiberglass spar cap was replaced with carbon laminate. Therefore, the opportunity for the CX-100 design to reduce total blade mass is dependent on the extent to which the baseline fiberglass spar caps contribute to the overall GX-100 blade weight. This is quantified in Table 6 , which shows the GX-100 spar cap dimensions and mass contributions at several spanwise blade stations. As the table indicates, the GX-100 fiberglass spar caps contribute roughly 20% to 40% of the local blade section mass. Inboard of station 1800 (e.g., in the root transition area), the spar cap mass contributions would be even smaller as the fiberglass laminate is increased for root-stud bonding. It will be shown below that these GX-100 spar mass trends constrain the extent to which total blade mass reductions are achieved in the CX-100 design. Table 7 shows the design margins for compressive static strength in the spar cap at several spanwise locations for both the GX-100 and CX-100 designs. The compressive strength margins are slightly greater than zero (by design) for nearly all stations. Margins for tensile static and fatigue strength were consistently large by comparison and are not shown. The margin for the CX-100 Station 600 was not rigorously analyzed, as the detailed root-transition laminate schedule was not developed until late in the design effort. As indicated in the table, the CX-100 root is slightly stronger than the GX-100 due to the extension of the carbon spar cap into the root region. Also note that the loads shown for Station 600 in Table 7 are actually those calculated at the blade root. This approach adds conservatism to the evaluation of the Station 600 structure, but is of no practical consequence to the primary regions of interest in the prototype design effort. Figure 6 compares the stiffness distributions of the GX-100 and CX-100 blades. As seen in the figure, the replacement with the carbon spar cap has increased the flapwise bending stiffness between 20% and 30% over the majority of the span. Note that the data in Figure 6 have neglected the stiffness increase for the CX-100 inboard of station 1800 (25% span). Because of the extent to which the inboard section stiffness will be dominated by the fiberglass root buildup, the presence of the carbon spar in these sections was neglected in the CX-100 design modeling, although in the root transition region, the CX-100 would be modestly stiffer than the GX-100 due to the continuation of the carbon spar material. 
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Figure 6. Comparison of GX-100 and CX-100 Stiffness Distributions
A summary of the CX-100 spar design is given in Table 8 . As seen in the table, the reductions in spar cap mass (relative to the GX-100) are about 50%. However, the corresponding reductions in the local blade mass/length are only between 10% and 20%. This mitigation of the sectional blade mass reductions results from the baseline GX-100 spar mass trends as presented in Table 6 . As expected, the inclusion of the fiberglass-dominated root region further constrains the reduction in total blade mass. This is quantified in Table 9 , where mass reductions for the composite portion of the blade (excluding root connection hardware) are 11.6%. When the root hardware is included, the mass reductions are only 10.8%. Table 9 also shows the tip deflection margins for both blades. While the GX-100 blade has a positive 43.2% margin, the increased stiffness of the CX-100 results in an additional 70.6% reserve margin. Although the increase in stiffness is not required for this turbine configuration, the trend demonstrates the extent to which carbon fiber can be used to improve blade-tower clearance. Figure 7 shows an example of a completed CX-100 blade skin, which was fabricated at TPI Composites in July 2004. As of this report, the CX-100 blades are undergoing structural testing at the NWTC and field testing at the USDA site in Bushland, Texas. 
Section 5 -TX-100 Design
Within the overall structural concept selected for this project, the design variables that can be varied to affect the TX-100 twist-coupling are:
• bias angle of off-axis carbon skin plies,
• spanwise introduction location for biased skins,
• thickness of carbon skin plies,
• remaining components of skin construction (i.e., extent of biaxial fiberglass content, core, non-structural layers), • design of the fiberglass spar, and
• criteria used for design (i.e., required load cases, assumptions on material strength, safety factors). Figure 8 provides a schematic of the skin layout, and indicates two of the parameters considered in the design (bias angle and spanwise introduction location). All of these design variables are inter-related, and extensive parametric studies were performed during this project to evaluate trade-offs between them. For the case of a variable-pitch turbine, some load mitigation will be also be realized for the 50-year extreme wind event (parked with blades at full feather) as that load case is lift-dominated and pitch-to-feather twist-coupling will be effective. A fixed-pitch, stall-regulated design will not see this benefit as the 50-year extreme wind load case (parked with blade tip chord nominally perpendicular to the wind) is drag-dominated and the relief from twist-coupling will be negligible.
Understanding the relationship between operational bending moments, peak bending moments, and governing design criteria is critical to the design of twist-coupled blades. First, in the case where the peak bending moment governs the design of a blade section, then that peak load will result in the maximum amount of strain allowable for the material in question, and for twistcoupled blades, a corresponding maximum amount of torsional distortion. For example, if a peak operational bending load (i.e., load under turbulent inflow) is 80% of the peak load from all load cases, and the blade section design is governed by static strength considerations, then it can be immediately inferred that at the critical-fiber location, the blade section sees up to 80% of its design strain value under normal turbulent loading.
For such a design, the extent to which a blade will be in an effective operational range of twistcoupling can be estimated by two ratios: the ratio of mean bending load at wind speed to turbulent peak loads at the same average speed, and the ratio of the peak turbulent bending loads to the peak from all load cases (governing load). The latter ratio tells you the maximum fraction of the design strain that the blade section sees in turbulent operation, and the former indicates the range of strains experienced in the load-mitigating response, which is directly proportional to the range of torsional distortion (twist) realized.
The estimation is less direct in the case where a blade section is governed by other than static strength. In this case, the strain experienced at peak bending load is less than the design value. For example, if a blade section is stiffness governed and has a 30% reserve margin in static strength, then the blade will see only 77% of its design strain under peak bending load. If, as in the previous example, the peak operational load is 80% of the overall peak load, then the maximum strain is 61% of the design strain, and the strain range under turbulent operation (peak turbulent -mean) is a smaller fraction yet. The bottom line is that maximum twist-coupling is achieved when the bending load ratios of (peak turbulent)/(governing load) and (peak turbulent at wind speed)/(mean at wind speed) are both high, and the section structure is governed by static strength requirements.
An understanding of these design drivers led to the decision to modify the TX-100 design criteria (elimination of the 50-year extreme wind model at 0°pitch), as discussed in Section 3.1.2. Given that the TX-100 blade is a experimental prototype, the modified criteria are not considered to be overly risky. Laboratory tests will be used to compare predicted with measured structural properties irrespective of the load cases considered in developing the design. Field testing of the TX-100 blades on the LIST turbine will include additional monitoring and safety procedures to ensure that the blades are not operated beyond their design limits.
Skin Construction
Once the issue of design loads was understood and resolved, the majority of the remaining TX-100 design work focused on the topic of skin construction. This comprises the bias angle and thickness of the off-axis carbon skin plies, as well as all the other constituents of the skin. Several candidate skin constructions were considered. Objectives for the skin construction include achieving maximum twist-coupling response, structural integrity of skins under aerodynamic load, sufficient shell rigidity for blade handling, and high manufacturing feasibility. Numerous parametric trade-offs were performed during the course of this project. Among the general trends identified are:
• Excess static strength margin decreases twist-coupling response, particularly if the margin is the result of additional spar material, as opposed to biased skin.
• Reducing the biased-carbon thickness in the outer blade gives modest improvements in coupling response, but with substantially less carbon fiber used.
• 500 gsm (nominal) in biased carbon skins appears near-optimal if a single fabric weight is used for entire blade.
The construction that best met all of the project objectives was determined to be a triaxial carbon-fiberglass hybrid fabric, rotated so that the carbon fibers are at a 20° angle with respect to the blade longitudinal axis. The triaxial fabric selected is similar to that used for the CX-100 (-45° glass/0° carbon/+45° glass). However, the TX-100 fabric has 500 gsm of unidirectional carbon, and 150 gsm for each of the ±45° layers.
The introduction of biased carbon into the TX-100 skins resulted in a significant stiffening of the blade shell. As a result, the TX-100 blade skins naturally carry a larger portion of the bending load than do the GX-100 skins. This effect, combined with the modified design criterion that reduces the peak design load, allowed for a substantial reduction of the fiberglass spar cap relative to the GX-100 spar. The spar cap in the final TX-100 design effectively ends by the 50% span location, and the bending loads in the outer blade are carried entirely by the biased skins. Although this design achieves good twist-coupling and load mitigation under turbulent loads, it is a substantial departure from the original assumption that a load-bearing unidirectional spar cap would extend the full length of the blade. Technical uncertainties and anticipated challenges for this design will be discussed in Section 5.4.
Final Design Summary
The coupling properties for the TX-100 design are given in Table 10 . In this final configuration, the introduction point of the biased skin material was moved inboard to station 1400, and the fiberglass spar cap has tapered completely out of the blade slightly outboard of station 4200. Note that all of the design loads and load reductions in the following sections are based on 9.0-m versions of the prototype blades.
As seen in Table 10 , the static strength design margins are slightly positive at the mid-span, and increase rapidly in the outer part of the blade. This is because the bending loads are carried entirely by stressed skins in the outer part of the blade, and a constant-thickness of carbon skin was used in the design. The option of varying the carbon skin thickness in the spanwise direction was considered, but in the end was rejected to avoid additional stress discontinuities and manufacturing complications. The "design moments" shown in Table 10 were taken from the GX-100 blade and as such do not account for any load mitigation expected from the aeroelastic twist-coupling of the TX-100. The elastic responsiveness of the blade, as measured by degrees of twist per applied bending moment, is strictly increasing in the outer portion of the blade span. However, at the same time the design bending moments are decreasing so there are competing trends. As indicated in the table, the greatest overall twist response is expected in the region of 70% to 80% span. Figure 9 shows a time-series excerpt from ADAMS simulations of the TX-100 blade, and illustrates the blade twist-response to fluctuating bending load. The data were extracted from a 10-minute simulation at a mean wind speed of 8 m/s. The time series indicates that the tip rotation response (dashed line) tracks the bending load (solid line) in nearly perfect phase. For the case shown, the tip rotations vary over a range of about 1.25°. By comparison, the GX-100 tip rotation angle varied less than 0.1° under similar loading. Table 11 provides a summary of the relative load reductions modeled for the TX-100 in the baseline FSFP operation. As seen in the table, the peak blade bending loads are reduced between 2.4% and 8.6%, and equivalent fatigue loads in the blades show slightly greater reductions. However, the reductions in shaft thrust and tower bending load are minimal. While the overall magnitude of twist-response for the TX-100 blade is substantial, the extent to which the loads will be reduced in stall-controlled FSFP operation is modest at best. This challenge was anticipated at the onset of this design project. Because the intended turbine for field testing is FSFP, it was decided to use that turbine architecture for the majority of the TX-100 design and predictive modeling. Nonetheless, it is of interest to determine what the aeroelastic response and corresponding load mitigation would be if the GX-100 and TX-100 blades were flown in a more modern VSVP mode. This VSVP modeling was completed subsequent to the design of the TX-100, and the results are summarized in Section 6.0. 
Anticipated Technical Challenges for the TX-100
The original structural concept for the twist-coupled blade was the combination of a conventional spar cap that carries the primary bending loads, with biased skins that provide the twist-coupling but are otherwise lightly stressed. As noted above, the current TX-100 design is a significant departure from this original concept in that the biased skins provide all of the bending strength in the outer 50% of the blade span. This increases the technical challenge in two important aspects. The first is in designing for a robust load path and smooth transition between the load-carrying spar and the stressed skins. It is anticipated that this can be mitigated by careful consideration of the spar cap taper rate; however, there will inevitably be some stress discontinuity at the spar cap termination.
The second and more difficult consideration is the load-carrying capability of the biased skin material. Micromechanics calculations for the TX-100 skin construction predict first-ply failure at an axial strain of about 0.9%. The predicted failure mode is transverse tension in the biaxial fiberglass. For earlier designs with bending strength dominated by spar caps, matrix cracking in the fiberglass was considered unlikely to propagate to full blade failure. However, for a design with the biased skins as primary structure, this failure mode takes on increased importance.
Unfortunately, matrix-dominated failure modes are difficult to predict accurately with micromechanics. Biased materials also present unusual challenges for coupon-type test evaluation. As such, there is substantial uncertainty as to the structural performance of the TX-100 blades. The structural testing is expected to provide significant insights into the linearelastic response, static strength, and fatigue characteristics of this unusual blade/skin configuration.
The design drivers for skin construction and load-carrying spars scale differently with blade size. Previous modeling of this basic design concept at the MW-scale resulted in designs with the skins carrying a much lower fraction of the total bending loads, and a largely conventional spar extending over the full blade span. From that standpoint, the current TX-100 design is considered "aggressive." If the design proves to be structurally robust and provides the intended aeroelastic benefits, the project team is confident that the concept can be applied with minimal risk at larger scales.
Section 6 -TX-100 Modeled in VSVP operation
As noted above, following the completed design of the 9-m prototypes, they were modeled in a VSVP architecture. Specific objectives of the modeling are to:
• develop and validate a VSVP ADAMS model of the LIST turbine,
• compare key system design loads for the baseline GX-100 blade operating in VSVP mode to FSFP stall-controlled mode, and • calculate key system design loads for the TX-100 and CX-100 blades operating in VSVP modes and compare these loads to the GX-100 VSVP loads.
Baseline GX-100 in VSVP Operation
The development of the baseline FSFP turbine ADAMS model was discussed in Section 2.1. The models developed for the FSFP turbines were modified to incorporate variable speed and variable pitch to feather operation. The following summarizes these modifications:
• A tip speed ratio (TSR) of 8.5 was identified for optimum performance.
• A maximum tip speed of 75 m/s was selected to allow a reasonable range of variablespeed operation for this TSR.
• A minimum pitch angle was selected to optimize power output in low winds.
• Rotational joints were incorporated at the blade-to-hub connections to allow blade pitching motion.
• A pitch actuator model that converts pitch position demand to a pitching moment was implemented.
• The induction generator model was replaced with a variable-speed generator model.
• A control algorithm for the blade pitch demand was implemented using a custom subroutine linked to the ADAMS executable routine.
Power performance modeling indicated that the peak power coefficient (C P,max ) occurred at a TSR of 8.5. The baseline (fixed) rotational speed of the LIST turbine is 55 rpm. In variablespeed operation (tracking the optimal TSR of 8.5), the rotor with 9-m blades would reach 55 rpm at a wind speed of only 6.6 m/s. In order to allow variable-speed operation over a larger range of wind speeds, a maximum tip speed of 75 m/s (equivalent to 74 rpm) was chosen. This allows variable-speed operation up to 8.9 m/s. Although this increase in maximum tip speed makes the VSVP modeling more representative of modern turbine designs, it adds some complications when comparing loads for fixed-speed and VSVP operation of the GX-100 blades.
The blade pitch is used to control rotor rpm. Below rated rpm, the blade pitch is held at its minimum (least feathered) position. The blades pitch to feather when the rpm exceeds the specified rated level using a Proportional-Integral-Derivative (PID) control algorithm. The input to this algorithm is the rotor rpm and the output is a demanded pitch angle. A gain schedule is applied based on the measured pitch angle. This gain schedule compensates for the variation in aerodynamic torque versus pitch angle slope. The rpm control PID is tuned to give reasonable speed control without undue excitation of the tower motion. A block diagram of the PID algorithm is shown in Figure 11 . The demanded pitch angle is used by the pitch actuator algorithm, also a PID to apply a pitching torque to the blades. The blade actuator PID is tuned to give a time constant of approximately 150 milliseconds between demand and actual position.
The fixed-speed turbine model used a Thevenin-equivalent model of an induction generator that mapped generator speed to torque. The resulting low slip torque-speed curve results in essentially constant-speed operation. For the variable-speed turbine model, a torque-speed curve that results in operation at optimum TSR for low wind speeds and torque-limited operation at high wind speeds was implemented using a look-up table. The optimum TSR torque-speed curve is shown as the lower curve in Figure 12 . The upper curve indicates the torque limit. For the occasions when the rpm exceeds 10% of rated, the torque is reduced proportionally to limit power excursions to a maximum of 10%. The transition between the optimum TSR curve and the torque-limit curve is based on the blade pitch angle. The generator torque is interpolated between these two curves when the pitch angle exceeds the minimum value, or in other words, when the blade pitch is attempting to regulate rpm to the rated level.
The minimum pitch angle for the VSVP models was selected by iteration. Power performance ADAMS runs were made using a stepped-steady wind input. Table 12 lists the minimum pitch angles, peak rotor power (mechanical power at the hub), and C P,Max for the configurations modeled. Figure 13 shows the ADAMS calculated rotor power curves for each blade in VSVP operation using the minimum pitch angles listed in Table 12 . Note that in all of the following comparisons, 9.0-m versions of the GX-100 and TX-100 blades were modeled. The TX-100 power output is approximately 3% lower than the uncoupled blades at wind speeds of 11 and 12 m/s. This is due to the elastic twist response of the TX-100 blade and the interaction with the pitch and speed control algorithms used in this study. For simplicity and ease of comparison, the same algorithms were used for all three blades. It is expected that this power reduction could be minimized by developing a separate set of algorithms for the TX-100 blade that accounts for the mean and dynamic elastic twist. However, this would require additional modeling effort that was not deemed justified given the scope of current study and the relatively small power curve differences. Table 13 shows some key system peak and fatigue loads resulting from aeroelastic simulations using IEC load cases for the FSFP and VSVP versions of the LIST turbine model. For consistency in comparisons, a blade pitch setting of 90° (fully feathered) was used for the 50-year extreme wind case for all configurations throughout the investigation of VSVP operation. As can be seen in the table, all the fatigue loads increased considerably from the FSFP baseline to the VSVP GX-100 version. This was expected since the blades in variable-pitch operation are highly loaded at wind speeds above rated power, and experience comparatively larger peak-to-peak alternating load cycles than for a fixed-pitch analog where the blades would be stalled. Changes in peak bending loads were small for most blade spanwise stations. Reductions in peak loads were seen for root-flap bending, low-speed shaft thrust, and tower base bending. In each of these instances, the peak loads for VSVP operation resulted from a different design load case than for the FSFP equivalent.
FSFP versus VSVP GX-100 Baseline
The CX-100 blade was also modeled in VSVP operation. As expected, the resulting loads showed minimal variation from those of the VSVP GX-100. Table 14 shows that in VSVP operation both peak and fatigue blade-bending loads were reduced on the order of 20% to near 30% for the TX-100 blade compared to the GX-100, with a general trend of larger reductions in the outer spanwise portions of the blade. Reductions for shaft thrust and tower bending loads were more modest, ranging approximately from 4% to 6%. Note that all of the peak blade bending loads presented are labeled "positive," denoting that the aerodynamic loading is such that the "low-pressure" side of the blade is in compression and the "high-pressure" side is in tension. Positive bending loads are the typical dominant condition under normal operation. The opposite condition (negative M Y ) indicates a reversal of the bending loads and associated material stresses (i.e., the side typically in tension would be in compression). For the previous modeling of 9-m prototypes in FSFP operation, the positive peak blade bending loads always exceeded the negative loads, so that this distinction was not necessary. However, in the modeling of VSVP operation two trends were noted: First, the load case that generated peak blade bending loads shifted from the 50-year extreme wind model to normal operation in turbulent winds at cut-out wind speeds (24 m/s). Second, in some cases, the negative peak bending loads exceeded the positive ones.
VSVP TX-100
This switch in governing loads complicated the initial comparisons between the GX-100 and TX-100 loads in VSVP operation. The peak loads generated under normal turbulence embody the combined effect of 2-D airfoil data, 3-D corrections for quasi-steady effects such as rotational stall delay, and non-steady effects such as dynamic stall. Modeling of these aerodynamic features is a source of uncertainty for excursions to positive lift angles (due to turbulent inflow). The uncertainties are even greater for negative airfoil angles, as 2-D data in the negative-stall region are typically lacking, and the adjustments for other effects are also more poorly characterized.
This issue has been further complicated by the fact that the baseline GX-100 blade (based on the ERS-100 geometry) is aerodynamically a stall-regulated design that incorporates airfoils with relatively low maximum lift coefficients. As such, it would be expected that the outer spanwise region of the blade have only modest differences between maximum values of positive and negative lift coefficients.
If modeled in the original stall-controlled configuration, then many of the extreme wind events would have a direction nearly perpendicular to the local blade chordline, and the aerodynamic loading would be primarily due to drag. In that case, it would be expected that positive peak bending moments would clearly dominate the negative ones. However, if modeled in variable pitch-to-feather, many of these same events would be lift-dominated, and positive and negative peaks would be closer in magnitude. After reviewing these trends and issues, the project team concluded that the comparisons in the current report should be limited to the positive blade bending peaks. This approach reduces the need to accurately model the negative maximum-lift behavior of the blades, and focuses on the aeroelastic response in operational regions that would be representative of a modern VSVP turbine design.
As noted above, the TX-100 in VSVP operation resulted in blade load reductions on the order of 20% to near 30%, and reductions in shaft thrust and tower bending between 4% and 6%. In contrast, the reductions for the TX-100 in FSFP operation were between 3.5% and 8.5% for blade bending loads, and were less than 1.2% for shaft thrust and tower bending.
In general, this comparison indicates that the VSVP operation allows the twist-coupling to provide a beneficial aeroelastic response over a larger range of conditions and load cases than does the FSFP operation. In the case of blade bending loads, peaks for the FSFP TX-100 resulted from load cases such as the extreme operating gust (EOG-50) and extreme coherent gust with direction change (ECD). Given the modest reduction in loads seen for FSFP operation of the TX-100, it can be concluded that twist-coupling provides little aeroelastic relief for these load cases. However, for the VSVP TX-100, the peak positive blade bending loads all resulted from the extreme wind model (50-year gust with blades parked at full feather), which indicates that the peaks from the EOG-50 and ECD were effectively mitigated by the twist-coupling aeroelastic response. Table 15 compares the peak range of blade tip elastic rotation angles for the GX-100 and TX-100 blades in FSFP and VSVP operation. As seen in the table, the tip rotations for the GX-100 were minimal, regardless of operational mode. For the TX-100, peak tip rotations under operation with normal turbulence occurred at cut-out wind speeds (24 m/s). However, the magnitude of the rotation range in normal turbulence was substantially greater for VSVP than for the stallregulated FSFP configuration. The maximum rotation range for all load cases occurred during the 50-year extreme wind (parked with blades at full feather). Because this load case is physically the same for both turbine configurations, no difference is seen between FSFP and VSVP operation. 
Section 7 -Conclusions
This report documents the design of prototype 9-m carbon-hybrid blades in both conventional and twist-coupled configurations. In general, the blades have been designed to 20-year life per IEC Class II loads with turbulence level "B." For the TX-100 blade, a relaxed criterion was adopted for determining the peak bending load.
The conventional-spar CX-100 design resulted in mass reductions of approximately 50% in the blade spar. However, because the baseline GX-100 fiberglass skins are a substantial fraction of the total blade weight, the overall mass reduction of the CX-100 was limited to approximately 11%. In addition, the CX-100 is substantially stiffer than the GX-100, resulting in a 70% increase in tip/tower clearance margin.
In the baseline FSFP operation, the twist-coupled TX-100 design achieves up to 4° twist under turbulent wind input. The TX-100 peak blade bending loads are reduced between 2.4% and 8.6% relative to the GX-100, and equivalent fatigue loads in the blades show slightly greater reductions. However, the reductions in shaft thrust and tower bending loads are less than 1.2%. Although the extent of aeroelastic twist-response for the TX-100 blades meets the project objectives, the predicted load mitigation is highly constrained by the stall-controlled FSFP operation.
To investigate the potential load reductions if these blades were flown in a more modern turbine architecture, the 9-m prototypes were modeled in hypothetical VSVP operation. Because of the increased blade loading (due to variable-pitch operation above rated wind speed and increased maximum tip speed), the fatigue loads for major components were substantially greater for all VSVP configurations than for the corresponding FSFP versions. When both the GX-100 and TX-100 are modeled in VSVP operation, the TX-100 resulted in blade bending load reductions on the order of 20% to near 30%. Shaft thrust and tower bending loads were reduced by 4% to 6%. For all loads, the reductions from aeroelastic twist-coupling response were substantially greater for VSVP than for FSFP operation.
As of this report, the fabrication of the CX-100 and TX-100 prototypes has been completed, and the structural and field tests are ongoing. Coupon test data for carbon materials used in the 9-m prototypes are being generated as part of the work in Reference 6. These test data will provide excellent opportunities for the validation of the predictive codes and methods that have been used in the design of the 9-m prototypes.
